Abstract. We present the first experimental realization and verification of a three-dimensional stand-alone mantle cloak designed to suppress the total scattering of a finite-length dielectric rod of moderate cross-section. Mantle cloaking has been proposed to realize ultralow-profile conformal covers that may achieve substantial camouflage, transparency and high-performance noninvasive near-field sensing. Here, we realize and verify a mantle cloak for radio-waves. We report an extensive campaign of far-and near-field free-space measurements demonstrating that conformal cloaks can indeed produce strong scattering suppression in all directions and over a relatively broad bandwidth of operation.
Introduction
Over the last decade there have been exciting advances in the area of electromagnetic and acoustic cloaking. A variety of theoretical approaches have been proposed and demonstrated through the application of metamaterials, aimed at reducing the scattering of various objects, ranging in size and material composition, and spanning low-frequencies [1] [2] [3] [4] , microwave [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] and near-optical regimes [15] [16] [17] [18] [19] [20] (for an overview of the most popular cloaking methods, see the surveys in [21] [22] [23] ). Cloaking is arguably one of the most fascinating topics in modern physics, made possible through the unique characteristics of metamaterials. These artificial materials allow new avenues to redirect wavefronts around an object, as in transformation [13, [24] [25] [26] [27] and waveguide-based cloaks [28] [29] [30] , or to suppress the scattering at all angles [6, 11, [31] [32] . In recent works, we have shown that an alternative approach to invisibility, which we have named mantle cloaking, may be achieved using ultrathin metascreens rather than bulk metamaterials. These conformal patterned surfaces may possess similar exotic scattering properties as metamaterial covers, but may be easier and more practical to realize and may offer an improved bandwidth [33] [34] [35] [36] [37] .
In the general sense, the experimental validation of the cloaking concept has until recently been limited to two-dimensional (2D) configurations in waveguides, due to the difficulties in realizing three-dimensional (3D) robust metamaterial covers with the required material parameters. In particular, the realization of transformation-based cloaks typically requires metamaterials with strong inhomogeneities and anisotropy, and with inherently resonant features, which may make them very sensitive to manufacturing imperfections, Ohmic losses, wave polarization and incidence angle. Therefore, while the metamaterial approaches have been visionary and exciting from the theoretical point of view, their realizations have so far been far from ideal, often limited to specific excitation angles and arguably of limited practical interest. 2D configurations in closed environments also inherently parry the major difficulties encountered with finite-length objects, namely oblique angles of incidence and end effects. Recently, a few exciting 3D experiments were reported in the microwave range using different techniques, such as the plasmonic [11] [12] and the metal-plate [14] approaches, which appear to be inherently more robust than those based on transformation optics. In [11] , extensive near-field and far-field measurements were presented to demonstrate a reduction in the total scattering cross-section (SCS) of a finite-length dielectric rod using a plasmonic metamaterial cover. In [14] the scattering reduction of a finite-length metal-plate cloak was measured using bistatic far-field and forward scattering measurements in the microwave regime in order to estimate the scattering reduction at all viewing angles. It is not necessarily straightforward to apply the optical theorem to estimate the total SCS, as it requires very careful measurement conditions [38] . Another way to demonstrate reduction of the total SCS of an object is to measure its far-field bistatic cross-sections at various angles [11, 14] , or map the fields in the near-field of the object [11] .
Here we present the first experimental realization of mantle cloaking applied to a 3D finite-length cylinder. We achieve scattering cancellation with ultrathin conductive metasurfaces composed of subwavelength periodic elements. The patterned surface is tailored to realize an equivalent surface reactance that can scatter anti-phase fields to drastically suppress the scattering produced by a given stand-alone 3D object. Scattering cancellation is shown through measurements in the very near-field of the object, showing the restoration of the incident wavefront and realizing a moderately broadband cloaking phenomenon. One significant advantage of mantle cloaking is that the conformal patterned screen, or metasurface, can be easily implemented with printed technology, without requiring extreme values of bulk permittivity/permeability and/or anisotropies and inhomogeneities, as with other common metamaterial solutions to cloaking [5, 27] . The inherent conformability and low-profile of these surfaces may also allow the realistic possibility of cloaking arbitrarily shaped objects, extending the results in [39] . Recent works have also shown that the mantle cloaking method can be used to reduce antenna blockage and mutual coupling between co-sited antennas [34] , opening novel practical avenues for the applications of cloaking. Additionally, exciting theoretical results have shown that mantle cloaking can be successfully extended to THz frequencies by leveraging the tunable conductivity of graphene monolayers of atomic thickness [23, 37] .
The goal of this work is to experimentally verify the mantle cloaking approach envisioned in [33] . We demonstrate that this cloaking method is robust to practical limitations such as loss and design imperfections, and is effective for a large range of viewing angles. Our mantle cloak design is shown to significantly suppress the strongest scattering component at normal and near-normal incidence by over an order of magnitude and over a moderate bandwidth. For our experiment, as discussed in the following, we choose a dielectric rod of finite length and moderate cross-section, which poses some interesting challenges: (i) the field penetration inside the dielectric material can excite internal standing and surface waves along the dielectric rod, which manifest themselves as resonances at oblique incidence; (ii) the excitation of more than one significant scattering term may complicate the overall scattering signature of the object. Our experimental results open interesting venues by showing the practical applicability of mantle cloaking in a realistic configuration. 
Determination of the metasurface reactance at normal incidence for an infinite cylinder
Our goal is to achieve significant reduction of the total SCS of a 3D cylindrical object when covered by a properly designed passive metasurface, independent of the incidence angle of excitation. This goal is drastically different from low-observability or stealth techniques based on minimizing target backscatter, since they usually are not aimed at efficiently suppressing the total scattering of the object, and especially its shadow 5 . The total SCS of a finite cylinder includes contributions from all relevant transverse-magnetic (TM) and transverseelectric (TE) scattered waves, scattering in all directions. Here, TM or TE polarized wavefronts define whether the magnetic or electric field lies in the plane orthogonal to the cylinder axis, respectively. The total scattering width (SW) is an analytically more tractable expression for the scattering from a 2D (infinite) cylinder, which approximates well the total SCS for large length-to-diameter aspect ratios. The total SW is generally defined as [38] 
where k 0 is the wavenumber of the background medium. The Mie scattering coefficients c and c TE 1 dominate the total SW, respectively. At normal incidence, these scattering coefficients are uncoupled; however, as the angle of incidence changes from normal incidence to smaller angles, TM-TE cross coupling becomes more relevant, which may increase the scattering and the overall visibility of cylindrical targets [32, [40] [41] . At oblique incidence we are also prone to excite scattering resonances caused by the field penetration inside the dielectric, which can excite standing waves along the cylinder length [32, 40, 41] . Since the scattering from cylinders with moderate crosssection is in general larger at normal incidence than at oblique angles, we focus our design on the case of normal incidence, without considering the more complex effects arising for oblique excitation. We then analyze the performance and robustness of our design when the incidence angle changes.
Consider the geometry of figures 1(a) and (b), formed by a magnetodielectric 2D cylinder with constitutive parameters (µ, ε) illuminated in free space by a monochromatic TM plane wave under the e −iωt time convention. An ultrathin conformal cylindrical metasurface of radius a c covers the dielectric rod of radius a, such that a c /a 1. Provided that the granularity of the mantle cover is much smaller than the wavelength of operation, we may model the metasurface using an average surface current density J, associated with the discontinuity of the magnetic field across the thin cover. The surface impedance may then be related to this current density by Ohm's law: E tan =Z s · J, whereZ s is the surface impedance tensor and E tan is the tangential component of the electric field, which is continuous across the metascreen cover. We assume in this section that the metascreen is lossless and, therefore, we may represent the equivalent surface impedance cover as purely reactive quantity Z s = −iX s .
For the geometry at hand, the incident and scattered fields are naturally represented by the Mie expansion in cylindrical harmonics [42] 
(a) (b) (c) Figure 1 . Magnetodielectric cylinder covered by a mantle metascreen and excited by a TM-polarized plane wave at normal incidence (a). Cross-section of the cylinder and of the conformal metascreen (b). Inductive surface reactance realized by a fishnet metascreen composed of subwavelength frequency-selective surface elements and its lumped equivalent circuit (c).
The corresponding incident and scattered magnetic fields may be found using the Maxwell-Faraday equation H = 1/iωµ∇ × E. In (2), J n (·) and H (1) n (·) are the Bessel and Hankel functions of the first kind and order n representing standing and traveling cylindrical waves in each region, respectively [43] . For cylinders of moderate cross-section, the largest scattering contribution in figure 1(a) is due to TM polarization at normal incidence, for which the total electric field is purely along the cylinder axis and the impedance tensorZ s may be expressed as a scalar. Continuity of the total tangential electric and magnetic fields on the singlelayered metasurface interface in figure 1(b) yields [33] 
Thus, the total field relations for each of the regions in figure 1(b) allows to write the expression of the Mie scattering coefficients succinctly as [31] 
where
In the determinants of (5), k l and η l are the wave numbers and impedances in each region l and Y n (·) is Neumann function of order n. Derivatives in (5) are with respect to the arguments of J n (·) and Y n (·). By electromagnetic duality, similar expressions may be derived for TE-polarized excitation at normal incidence.
The Mie scattering coefficients c TM n , written as the ratio of the determinants U TM n and V TM n , quantify the conditions for scattering suppression, viz., [31] . Therefore, by properly designing a surface reactance to meet the condition U TM n = 0, we may nullify any scattering contribution of order n at the frequency of interest. In general, the surface reactance required to cancel a particular scattering order, either TM or TE, will be different. Moreover, by nullifying a particular scattering order, we may risk to excite other scattering terms, since we may lie close to the condition V n = 0 for other higherorder modes. Therefore, it is important to conduct a careful design of the cover to maximize bandwidth and overall scattering reduction [43] .
Here we apply the concepts presented in [33, 35, 36] to create a patterned metasurface that may strongly reduce the total SCS of a finite-length dielectric cylinder with constitutive parameters (3ε 0 , µ 0 ), as shown in figure 1. The length of the dielectric rod is L = 18 cm ≈ 2.2λ 0 and the 2D cross-section ( figure 1(b) ) is 2a = 24.9 mm 0.31λ 0 , where the design frequency was chosen to be f 0 = c/λ 0 = 3.73 GHz and λ 0 is the free space wavelength. We have chosen a conformal design (a c /a 1) because of its ultralow profile and bandwidth performance [33, 35] . Figure 2 shows the required surface reactance as a function of frequency to cancel the dominant scattering term c TM 0 , calculated using equation (4) . At the central frequency f 0 an inductive reactance X s = 195 is needed. Figure 3 shows the dispersion of the first four scattering coefficients for the bare (a), (c) and covered (b), (d) dielectric cylinders previously described, as calculated based on the above theory, assuming an ideal, homogeneous and infinitesimally thin surface impedance cover with the required reactance. As seen in the bare case, c TM 0 is by far the largest contribution due to an incident TM-polarized wavefront. However, there are also noticeable scattering contributions from TE harmonics (c). Our mantle cover is targeted to suppress the dominant scattering order, and indeed complete cancellation is observed at the design frequency (b). Interestingly, also the c TM 1 contribution is reduced at the design frequency f 0 and above. TE coefficients are also somewhat reduced by the cover (d) around the design frequency, but the cloak induces While this effect will be reflected in scattering enhancement at lower frequencies, we expect strong total scattering reduction around the design frequency and for larger frequencies. 
Full-wave numerical analysis
We have used finite-integration simulations [44] to validate these analytical results for a realistic patterned surface tailored to synthesize the required shunt surface reactance in the case of a finite-length dielectric rod (figure 1). The optimized inductive metascreen consists of four longitudinal metallic traces running along the cylinder axis and ten circumferential traces (cf figure 1(c) ), all with a line thickness δ = 1 mm 0.01λ 0 . There are a total of 36 square apertures with W 1.8 cm 0.22λ 0 . We have verified that with good approximation we can neglect the metascreen losses here, due to the high conductivity of copper at microwave frequencies. The designed cover is tailored to realize the required surface reactance at the design frequency to suppress the dominant c TM 0 scattering term, as discussed in the previous section. The chosen fishnet configuration is well known to realize a compact, isotropic inductive response with a reduced parasitic capacitance between the conducting traces [45] . Our results in [36] have shown that analytical expressions to synthesize the required reactance in planar configurations may be safely used to design and tailor conformal metasurface designs with good accuracy, without the need of extensive optimization procedures. Figure 4 compares analytical and simulated total SCS (integrated over all visible angles) for TM-polarized excitation at normal incidence. In the figure we simply show the scattering gain, defined as the scattering of the covered target normalized by that of the uncovered target at the same frequency, which allows an easy determination of the amount of overall scattering suppression. We can clearly see that strong scattering suppression is achieved over a moderately broad bandwidth, with largest scattering reduction around 9.6 dB at the design frequency. This is quite remarkable given the electrical cross-section of the target (k 0 a ≈ 1) and its length, and the fact that this is obtained with a single conformal fishnet structure. The small disagreement between analytical and full-wave results, in particular the additional features visible in the full-wave spectrum, are due to the granularity of the realized metasurface. These non-idealities can be alleviated by using fewer circumferential traces; in the limit of thin cylindrical targets no circumferential strips are needed, since the scattering mechanism is dominated by the monopolar term, which for symmetry can be cancelled with longitudinal strips only. It is important to point out that it is difficult to simultaneously cancel several scattering multipoles at the same frequency with a single surface, due to the limited degrees of freedom. However, it may be possible to tailor the circumferential strips to cancel other relevant c TE,TM n scattering terms and further decrease the total SCS. We have not performed this optimization in the present work. To better visualize the SCS reduction, figure 5 shows the calculated 3D far-field scattering profiles of the cloaked and uncloaked objects at the design frequency (notice the difference in scale), while figure 6 shows the SCS profiles along the principle plane cuts φ = 0
• plane ( figure 5(a) ) and θ = 90
• ( figure 5(b) ). Strong scattering reduction is observed over both principal planes, as expected. The figures confirm that the dominant monopolar scattering term is nearly cancelled and only residual higher-order scattering terms are left, producing residual and more directive scattering. This simple fishnet design is able to reduce the total scattering by over 85% at the design frequency. Far-field bistatic measurement setup. As shown in the schematic, the transmitter (φ tx , θ tx ) and the receiver (φ rx , θ rx ) are both at distance R = 17.5λ 0 from the region under test.
Measurement campaign
The optimized mantle cloak was fabricated using copper tape of thickness 66.0 µm, trimmed and attached to a polycarbonate flexible film of thickness 100.0 µm. Each of the conductive traces was cut to approximately 1 mm to realize the fishnet design in figure 1(c) . To compare the measured results, all full-wave simulations considered losses with a non-ideal dielectric rod δ = 0.002| f =3.7GHz and copper tape σ = 5.8 × 10 7 S m −1 .
Far-field measurements
Far-field bistatic measurements were performed to extract the radar cross-section (RCS) of the uncloaked and cloaked objects, and the extracted RCS was compared to full-wave simulations. Equal distances between the transmitter (φ tx , θ tx ) and receiver (φ rx , θ rx ) to the target were maintained at R = 17.5λ 0 while scanning over principal elevation and azimuthal planes as in figure 5 , using calibrated ETS-Lindgren 3115 ultra-wideband horn antennas, shown in figure 7 . Transmission data were acquired through an Agilent E5071C vector network analyzer, which measured the raw complex scattering response between the two antennas as the scattering parameter S 21 . In figure 7 , as an example, we show the azimuthal bistatic measurement when the transmitter is located at (φ tx = 0 • , θ tx = 90 • ) and the receiving antenna is moved in the azimuth plane (φ rx = 90
• , θ rx = 90 • ). Repositioning the antennas around the target at a constant target distance achieved the desired monostatic or bistatic measurements. Our non-anechoic laboratory environment necessitated vector background subtraction and software-based time gating steps in postprocessing to remove background clutter. Background subtraction requires two measurements: one with the target in place, yielding S 21,T , and another with only the target removed, yielding S 21,B . The quantity S 21,S = S 21,T − S 21,B closely corresponds to the response of the target with most environmental effects removed. Software-based time gating further reduces clutter. This processing step is expressed as
where fft (·) and ifft (·) are the fast Fourier transform and its inverse, and W is a rectangular window function used to gate out returns due to the background clutter. Post-processed S-parameter measurements were converted to RCS values using the radar range equation [46] 
where P r and (P t ) are the received and (transmitted) power, G r and (G t ) are the receive and (transmit) gain, and R r and (R t ) are the distances from the cloaked dielectric cylinder to the receive and (transmit) antennas. Substituting measured and known values (including antenna gain calibration values), one can solve for the RCS (σ ). To achieve high temporal resolution in the time gating step, measurements were performed over a wide frequency band of 1-5 GHz. The difference in S 21,S between the two measurements yields the metric scattering gain, which quantifies the scattering reduction by normalizing the cloaked RCS to the uncloaked RCS. To demonstrate and validate the time gating and background procedure, figure 9 overlays the raw RCS data with the post-processed time-gated data for a sample measurement in the forward direction. Panel (a) shows the raw measurements of the object along with the covered object, and (b) shows the scattering gain, both with and without time gating. It is clear that the forward scattering is significantly reduced, even beyond our measurement bandwidth, and the scattering gain shows more than 10 dB reduction over a moderate bandwidth. The optical theorem ensures that the total scattering is similarly reduced, in agreement with our full-wave simulations of figure 4. Additionally, it is seen that the time-gating matches the raw response extremely well. We note that some error is inevitably introduced by filtering out the unintended returns in the time domain. The most significant errors are introduced near the edges of the data acquisition bandwidth, but these regions are far outside the designed bandwidth. Figure 10 shows the measured and simulated scattering gains in the azimuthal plane, where the transmit antenna was held constant at (φ tx = 0
• , θ tx = 90 • ), while the receive antenna was moved throughout the range (30
• , θ rx,tx = 90 • ). We can see that the strongest scattering contribution at normal incidence is significantly reduced by applying the cloak around the design frequency. The frequency of maximum scattering reduction is seen to move up in frequency from boresight to the forward scattering direction, consistent with our simulations. As will be shown in the near-field maps in the next section, this varying azimuthal scattering dip leads to an increased bandwidth of overall total SCS reduction, and is due to the complex interaction between the anisotropic effective surface impedance realized by our cover and the higher-order scattering terms, as shown in figure 3 . Remarkably, we may observe a 13 dB reduction in forward scattering, which is typically the most difficult to suppress in cloaking experiments (figure 9).
The minor differences between measurements and simulations are attributed to the slight variation in the metascreen prototype. The realized traces were measured to have up to 5% error in width, corresponding to a maximum of 5% error in operating frequency, due to the nearly linear surface impedance dispersion around f 0 (see figure 2) . It is also important to notice the difference in the strength of scattering gain dips between simulated and measured results. These differences are attributed to two main reasons: first, as shown in figure 9 , the post-processing in the time gating step makes somewhat smooth the measured data depending on the length of the rectangular window. In removing the background clutter, we also necessarily remove some of the details of the scattering from the realistic anisotropic surface impedance. For instance, the anisotropic effects of the metascreen are more apparent in the simulations and raw data • , θ rx,tx = 90
• and various azimuthal receiver angles: measurements (solid) and simulations (dotted) are compared in each panel.
(see figure 9 ) than in the post-processed data in figure 10 . To a lesser degree, while ideally small losses were considered in our simulations, differences due to manufacturing tolerances in the dielectric material, copper tape and polycarbonate sheet may have led to slightly more absorption in the cover and dielectric rod, thereby decreasing the sharpness of the cloaking dip in the realistic setup. Still, the agreement between simulations and measurements is good overall, and the trend of the cloaking dip as a function of angle is quite accurate.
Similarly, figure 11 shows a scan in the elevation plane for the case in which the transmitting antenna was held in the same location (φ tx = 0
• , θ tx = 90 • ) while the receiving antenna was moved between (φ rx = 0
• , −60
• θ tx 30
• ) in steps of 30
• . The elevation measurements show more resonant features and relatively less agreement with the numerical simulations, but a consistent scattering reduction is observed around the frequency of interest, and the general trends are similar. As discussed above, time gating and realistic absorption may be responsible for some of the differences between the locations and depths of the resonances between the simulated and measured results in figure 11 .
As derived in [36] , the fishnet design is characterized by an impedance varying with angle of incidence as
where D is the period, w is the width of the traces, f is the frequency of interest, c is the speed of light, θ s is the incidence angle measured fromẑ (see figure 1(b) ) and ε r is the relative permittivity of the dielectric object. Therefore, as the elevation angle increases, the effective surface impedance is lowered. For instance, we predict from equation (8) a reduction of approximately 39 between normal (θ = 90 • ) and (θ = 30 • ) incidence. As shown in figure 2, this lowering leads to an increase of the cloaking frequency, up to 8% at θ = 30
• , which explains the trend in figure 11 . The residual and more directive higher-order terms also add another layer of complexity to the measured spectra, especially for oblique incidence, consistent with the TE scattering term dispersion predicted in figure 3. Our design keeps suppressing the dominant term for larger incidence angles; however, the frequency of operation is varied.
It should be finally pointed out that, although at some angles the scattering gain is above 0 dB at the design frequency, in the elevation plane the overall scattering is significantly less than in the principal plane, especially for large incidence angles, consistent with figures 5 and 6. It is evident that suppressing the scattering at all angles with a single metasurface is not necessarily possible, but, by integrating over all the visible angles, as done in figure 4 , significant total SCS suppression may be achieved. We predict that better results may be obtained by considering multiple stacked metasurfaces, or by tailoring a single surface to fit the required surface reactance curve over a broader frequency range, that may be able to suppress several scattering orders at the same frequency. It should be also stressed that figure 11 shows the scattering gain, i.e., the normalized scattering to the uncloaked scenario, and for oblique incidence the scattering may be significantly smaller than for normal incidence, weighing less on the total SCS of the object.
Near-field mapping
In addition to far-field measurements, we have conducted several near-field scans to visualize more strikingly the scattering reduction by the mantle cloak around the object. Our 3D near-field scanning system was programmed to map the temporal and spatial total electric field distribution around the device under test, similar to our setup in [11] . In this case, the illuminating microwave horn, polarized parallel to the cylinder's axis, was placed at 2.6λ 0 from the target (cf figure 8) . The scan area was 2.4λ 0 × 2.4λ 0 with a fine sampling resolution x = y = 0.08λ 0 . Three different scenarios are presented in figure 12 : (i) uncloaked, (ii) cloaked and (iii) free-space. In each case, the near-field probe was held at a constant height of approximately 80% of the cylinder height L (see figure 1(a) ) in the azimuthal plane, except for the case when the sampling plane intersected the region of the object. The black squares in figure 12 are the regions where the near-field probe was programmed to scan directly above the object (in a different plane) to avoid collision and the dashed white circle represents the location of the dielectric rod.
It is seen that the Gaussian wavefronts radiated by the horn are well restored by the cloak, and are nearly identical to the free-space case. Best cloaking performance is observed in the frequency band 3.3 − 3.9 GHz, which demonstrates the moderately broad bandwidth of this cloaking technique. The experimental results show good agreement with our numerical modeling results in the previous section. In figure 12 , the edges of the operation band are also shown (top and bottom rows), which, as expected, provide a somewhat weaker performance than in the design band 3.6-3.8 GHz. The third row shows the best scattering reduction performance at 3.7 GHz, consistent with the simulated total SCS results in figure 3 . Here, the phase fronts around and on top of the cloaked object are nearly indistinguishable from the one measured in free-space, and it is impressive to notice the restored near-field field distribution, even just outside the thin cloaking layer, further illustrating the scattering cancellation induced by the metasurface. At 3.3 and 3.9 GHz, which are respectively the lower and upper bound of the cloaking operation, we can still find suppression of the near-field scattering, when compared to the uncloaked dielectric rod.
We have also tested the near-field distribution for oblique illumination. The results in the previous sections showed that the cloaking effect was maintained at oblique incidence, but the optimal cloaking dip was effectively blue-shifted with increasing incidence angles. This is confirmed and visually demonstrated in our measured near-field maps in figure 13 , which considers the case of illumination at a 30
• elevation angle. This is an extreme case, for which the target is nearly parallel to the azimuthal plane of measurement. Also in this case the field snapshots are taken in the azimuthal plane at a constant height, except for the positions for which the cloak or object (black outline) would hit the near-field probe. The white-dashed line Figure 13 . Snapshot in time of the electric near-field distribution for the azimuthal plane for 30
• incidence.
in the figure corresponds to the points where the object under test is below the measurement plane and the probe plane did not need to be moved. The incident fields are shown to be only slightly disturbed by the presence of the covered dielectric rod for frequencies around the design frequency and higher. Here we should note that, due to the experimental setup, the end of the uncloaked and cloaked dielectric cylinders are fully exposed (not covered by the mantle cloak) to the incident field. However, the cross-sectional area at the end of the object is quite small, so it only adds a marginal amount to the total SCS. Overall, the cloaking effect due to the conformal metasurface shows strong suppression between 3.7 and 4.1 GHz for this excitation angle, consistent with our numerical results and far-field measurements.
Conclusions
We have reported here the first experimental verification of mantle cloaking for a 3D finitelength dielectric cylinder of moderate cross-section. We have shown good scattering suppression over a broad range of viewing angles and over a moderate frequency range using a simple ultrathin patterned metascreen tailored to suppress the dominant scattering order. Higher-order multipoles can contribute to the residual scattering and it is foreseen that the use of multiple mantle layers or an asymmetric tailoring of the cloak may be optimized to suppress more scattering orders, especially for larger objects. The observed scattering reduction was not limited to far-field observers, but it was also verified right around the cloaked object. As demonstrated in this work, cloaking in the very near-field by means of an equivalent surface reactance guarantees strong scattering suppression for arbitrary wavefronts, showing that the conformal metascreen cloak is resilient to complex and non-ideal phase patterns, as theoretically explored in [47] . Combined with the field penetration inside the cloak, these results pave the way to realizing not only 3D conformal camouflaging and invisibility, but also a practical scheme for noninvasive high-performance near-field sensors [48] . The ease of fabrication of our design is very appealing, especially at microwave frequencies, as opposed to other more complex cloaking strategies, and the realized prototype tested in this work also shows a strong invariance to manufacturing and measurement imperfections as well as realistic losses.
